The novel compounds M 2+ Zr(SO 4 ) 3 with M = Mg, Mn, Co, Ni, Zn, and Cd as well as (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 were synthesized at mild hydrothermal conditions (Teflon-lined stainless steel vessels, 220 °C) from the mixtures of Zr 2 O 2 (CO 3 )(OH) 2 , the respective M 2+ (SO 4 )·nH 2 O hydrated salts, H 2 SO 4 and a minor amount of water. Crystals up to several tenths of a mm in size were obtained within a few days and studied at 200 K by single-crystal X-ray diffraction techniques. All these compounds belong to the structure type of monoclinic Fe 2 (SO 4 ) 3 ; they are either isotypic in space group P2 1 /n (No. 14), Z = 4, i.e. M 2+ Zr(SO 4 ) 3 with M = Mn, Co, Ni, Zn, and Cd as well as the mixed valence sulfate (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 or in the case of MgZr(SO 4 ) 3 , closely related but with a larger unit cell, in space group Pc and Z = 8. The framework of the monoclinic Fe 2 (SO 4 ) 3 structure is characterized by two types of isolated Fe 3+ O 6 octahedra, corner-linked with three types of sulfate groups. In the isotypic M 2+ Zr(SO 4 ) 3 series, the Fe 3+ atom on the Fe(1) position is substituted by Zr 4+ while M 2+ ions occupy the Fe(2) site in the ferric sulfate structure type. Mean cation-oxygen bond lengths (S [4] : 1.462-1.472 Å; Zr [6] : 2.053-2.060 Å as well as M 2+ -O distances) are generally rather short, but still within the range reported in literature.
Introduction
We recently have initiated a study on the crystal chemistry of novel zirconium oxysalts synthesized under mild hydrothermal conditions. In part I the compounds Zr(SeO 4 Part III now deals with a new group of isotypic or closely related sulfates of the general formula M 2+ Zr(SO 4 ) 3 with M = Mg, Mn, Co, Ni, Zn, and Cd, as well as (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 . These compounds will be referred to as MZr or e.g. abbreviated as MgZr for MgZr(SO 4 ) 3 throughout the further text. Evaluation of unit cell parameters for (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 and MZr (M = Mn, Co, Ni, Zn, Cd) suggested isotypy with monoclinic Fe 2 (SO 4 ) 3 .
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Anhydrous ferric sulfate is known to occur in two modifications, a rhombohedral one (mikasaite) in space group R 3 [3, 4] , and a monoclinic one in space group P2 1 /n [5] [6] [7] , the latter being the type structure of a series of compounds. Further representatives described in space group P2 1 /n (No. 14) with Z = 4 are e.g. In 2 (SO 4 ) 3 [8] , Sc 2 (SeO 4 ) 3 [9] , Yb 2 (SeO 4 ) 3 [10] , Fe 2 (SeO 4 ) 3 [11] , Al 2 (WO 4 ) 3 [12] , Sb 2 (PO 4 ) 3 [13] , and V 2 (PO 4 ) 3 [14] .
For the compound MgZr a larger monoclinic unit cell with Z = 8 was obtained. This phase may be derived from the AlFe(MoO 4 ) 3 structure type (space group P2 1 /a (No. 14) with Z = 8 [15] ), but with reduced symmetry (space group Pc (No. 7)). Several other molybdates belong to the AlFe(MoO 4 ) 3 type, among them In 2 (MoO 4 ) 3 [16] , Cr 2 (MoO 4 ) 3 [17] , Fe 2 (MoO 4 ) 3 [18] , and Al 2 (MoO 4 ) 3 [19] , further also In 2 (WO 4 ) 3 [20] .
The present paper aims to elucidate the new class of MZr compounds, especially their structure relationships to Fe 2 (SO 4 ) 3 and AlFe(MoO 4 ) 3 . Our report on zirconium oxysalts will be continued (part IV), describing Zr(SeO 3 ) 2 as well as structure refinements of Zr 2 (OH) 2 (XO 4 ) 3 ·4H 2 O (X = S, Se) and a new modification of Zr(SO 4 ) 2 ·4H 2 O.
Results and discussion
All compounds presented belong or are related to the structure type of monoclinic Fe 2 (SO 4 ) 3 ; they are either isotypic in space group P2 1 /n (No. 14), Z = 4, i.e. MZr with M = Mn, Co, Ni, Zn, and Cd as well as the mixed valence sulfate (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 , or, in the case of MgZr, closely related but with a larger unit cell and space group Pc, Z = 8.
Selected individual and mean bond lengths and bond valence strengths for the MZr compounds as well as for (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 and Fe 2 (SO 4 ) 3 are listed in Tables 1, 2 (all measurements at 200 K).
Structure details for Fe 2 (SO 4 ) 3 , i.e. bond lengths, polyhedral distortion and the specific arrangement of the framework show no significant differences with the earlier results obtained at room temperature. The cell volume given in [7] is 823.6 Å 3 , as compared to our data 819.4(1) Å 3 , measured at 200 K. A study at ~ 4 K by neutron diffraction techniques [21] reports a cell volume of 788.8 Å 3 . The framework of the monoclinic type structure Fe 2 (SO 4 ) 3 (Fig. 1a ) is characterized by two sites of isolated Fe 3+ O 6 octahedra, corner-linked with three types of sulfate groups. The mean Fe-O bond lengths of the Fe(1) site are somewhat shorter (1.978 Å) than those of the Fe(2) position (1.993 Å). In the isotypic MZr series ( Fig. 1b) , M 2+ and Zr 4+ were found to be strictly ordered (within the limits of error), with Zr 4+ occupying the Fe(1) and M 2+ the Fe(2) position of the ferric sulfate structure type for MZr members with M 2+ = Mn, Co, Ni, Zn and Cd. The mean [6] Zr-O distance is generally shorter (~ 2.06 Å), as compared to the respective [6] M-O bond lengths, which range from 2.06 Å (Ni) up to 2.26 Å (Cd).
Partial cation disorder was found in the mixed-valence sulfate (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 , which can be expressed as (Fe 3+ 2−2x , Fe x 2+ , Zr x )(SO 4 ) 3 with x ~ 0.21, assuming full site occupancies. Also in this case, zirconium is preferentially substituting the Fe(1) site with 16% while the Fe(2) position shows 5% Zr. A representative with x = 1, i.e. an ordered FeZr phase containing only ferrous iron, could not be synthesized up to now.
In monoclinic Fe 2 (SO 4 ) 3 , each oxygen atom is bound to one S 6+ and one Fe 3+ cation. Individual S-O distances [23] or α-MgSO 4 [24] . The S-O-Fe 3+ bond angles in Fe 2 (SO 4 ) 3 vary between 135 and 160°. In general, the respective values for MZr compounds exhibit similar trends even though they are The crystal structure of MgZr (Fig. 2b) is closely related with that of the other MZr members ( Fig. 2a ), as well as with compounds which belong to the AlFe(MoO 4 ) 3 type ( Fig. 2c ). This is evident from the unit cell transformations, illustrated in Fig. 3 . Table 3 ). By transformation via (− 1 0 − 1/0 Table 3 Crystal data and details of the intensity measurements and structure refinements for M 2+ Zr(SO 4 ) 3 compounds with M = Mg, Mn, Co, Ni, Zn and Cd as well as (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 and Fe 2 (SO 4 ) 3 Zr11 0.0064 (2) 0.0064 (2) 0.0064 (2) 0.0064 (2) 0.0064 (2) 0.0064 (2) Zr12 0.0068 (2) 0.0068 (2) 0.0068 (2) 0.0068 (2) 0.0068 (2) 0.0068 (2) Mg13 0.0052 (7) 0.0052 (7) 0.0052 (7) 0.0052 (7) 0.0052 (7) 0.0052 (7) (15) the absence of 3d orbitals in case of the Mg cation seems to play a decisive role for its differing structural behaviour.
Experimental

Synthesis
The investigated zirconium sulfates were obtained by mild hydrothermal synthesis from mixtures of ~ 0.03 g Zr 2 O 2 (CO 3 )(OH) 2 , 0.08 g of the respective M 2+ (SO 4 )·nH 2 O hydrated salts, 0.1 g 93% H 2 SO 4 , and minor contents of water (0.5-1 cm 3 ). These reagents were filled in Teflonlined steel vessels with a capacity of a few cm 3 , heated up to 220 °C within several hours, kept at this temperature for a period of one week, and finally cooled down to room temperature within 24 h. Various crystals of up to 0.4 mm had formed, which were separated from the remaining liquid, washed in water and ethanol, dried, and embedded in silicone grease. 0.00687 (7) 0.00675 (7) 0.00707 (8) − 0.00030 (5) − 0.00017 (5) 0.00086 (5) S1 0.00606 (11) 0.00538 (11) 0.00907 (13) 0.00049 (9) 0.00078 (9) 0.00023 (8) 0.00520 (7) 0.00437 (7) 0.00803 (7) 0.00068 (6) 0.00085 (6) 0.00032 (5) S2 0.00547 (7) 0.00607 (7) 0.00490 (7) − 0.00016 (6) − 0.00006 (5) 0.00065 (6) S3 0.00664 (7) 0.00670 (8) 0.00528 (7) 0.00069 (6 
X-ray diffraction data and crystal structure determination
Small fragments of the title compounds with homogeneous extinction under crossed polars were used for single crystal X-ray data collections at 200 K. MgZr, MnZr, CoZr, and NiZr were measured on an Enraf-Nonius Kappa CCD diffractometer (sealed tube, equipped with a graphite monochromator + monocapillary optics using Mo-K α radiation and an Oxford Cryosystems Cryostream 600 device). The other compounds were investigated on a Bruker APEXII diffractometer equipped with a CCD area detector, an Incoatec Microfocus Source IµS (30 W, multilayer mirror, Mo-K α ), and an Oxford Cryosystems Cryostream 800 Plus LT device. Several sets of phi-and omega-scans with 2° scan width were measured at a crystal-to-detector distance of 30 or 35 mm, respectively, up to 80° 2θ full sphere. The absorption was corrected by the evaluation of multi-scans. The crystal structure of MgZr was solved by direct methods (Shelxs-97 [30] ). For all other compounds, the atomic coordinates of monoclinic ferric sulfate given in [7] were used as starting parameters and refined by full-matrix least-squares techniques (Shelxl-97 [30] ). The distribution of M 2+ and Zr 4+ over the two cation sites Fe(1) and Fe(2), as labelled in the type structure of Fe 2 (SO 4 ) 3 , was checked by site-occupancy refinement. In (Fe 3+,2+ ,Zr) 2 (SO 4 ) 3 minor Fe/Zr1 0.75106 (2) 0.00600 (7) 0.00608 (6) 0.00640 (7) − 0.00079 (5) 0.00018 (5) Fe2 0.75130 (2) 0.00667 (8) 0.00657 (7) 0.00786 (7) − 0.00004 (5) 0.00014 (5) S1 0.03598 (3) 0.00719 (12) 0.00560 (10) 0.00834 (11) 0.00047 (8) − 0.00010 (9) S2 0.60794 (3) 0.00722 (12) 0.00715 (11) 0.00790 (11) − 0.00110 (9) 0.00025 (9) S3 0.61068 (3) 0.00732 (13) 0.00945 (11) 0.00665 (11) − 0.00082 (9) − 0.00006 (9) O1 0.09136 (10) 0.0122 (4) 0.0098 (4) 0.0119 (4) 0.0042 ( 0.00337 (6) 0.00312 (7) 0.00530 (7) 0.00036 (5) 0.00005 (5) 0.00017 (5) S2 0.00363 (7) 0.00382 (7) 0.00373 (7) 0.00012 (5) − 0.00038 (5) 0.00036 (5) S3 0.00427 (7) 0.00411 (7) 0.00377 (7) 0.00032 (5) − 0.00060 (5) − 0.00084 (5) O1 0.0076 (2) 0.0066 (2) 0.0090 (2) 0.00360 (18 
